Introduction
The diversity of cancers that arise in humans exceeds 200 distinct disease entities-reflecting differences in the normal cells of origin, acquired somatic mutations, variably altered transcriptional networks, and influences of local tissue microenvironments. Attempts have been made to distill this complexity into a unifying set of organizing principles termed cancer hallmarks Weinberg, 2000, 2011) . In spite of significant advances in the study, diagnosis, and treatment of cancer, the vast majority of patients with advanced metastatic disease confront a terminal illness that is, with rare exception, incurable by current therapeutic regimens. Stated differently, the overwhelming majority of cancer-associated deaths (about 90%) are caused by metastatic disease rather than primary tumors.
The dissemination of cancer cells from primary tumors and their subsequent seeding of new tumor colonies in distant tissues involves a multi-step process known as the invasionmetastasis cascade (Fidler, 2003; Gupta and Massagué , 2006; Talmadge and Fidler, 2010) . This sequence of events involves the local invasion of primary tumor cells into surrounding tissues; intravasation of these cells into the circulatory system and survival during hematogenous transit; arrest and extravasation through vascular walls into the parenchyma of distant tissues; formation of micrometastatic colonies in this parenchyma; and the subsequent proliferation of microscopic colonies into overt, clinically detectable metastatic lesions, this last process being termed colonization.
In contrast to the large body of findings that have revealed the detailed pathogenetic mechanisms leading to primary tumor formation, the biological underpinnings of metastatic disease remain poorly understood. Furthermore, relatively few principles have emerged that would unify our understanding of how diverse types of metastases arise and how similar or different each may be relative to the behavior of its corresponding primary tumor. Nonetheless, over the past 15 years significant progress has been made in elucidating various aspects of the metastatic program, particularly for carcinomas, which in aggregate account for 80% of cancer cases and thus the majority of cancer deaths.
Here we summarize important advances that have revealed some of the mechanisms that underlie the dissemination and metastatic outgrowth of carcinoma cells. Drawing from this increasingly large and complex body of work, we suggest that a few key biological principles have begun to emerge for certain aspects of the metastatic cascade, while for other steps of the cascade a unifying conceptual framework remains more elusive.
Dissemination of Carcinoma Cells
The process of dissemination subsumes the initial steps of the invasion-metastasis cascade that enable malignant tumor cells to acquire traits that equip them with the ability to leave the primary site and travel to distant tissues ( Figure 1A ). As with almost all of the discussions in this review, we describe these processes in the context of the intensively studied carcinomas. One centrally important process enabling these steps is the cell-biological program termed the epithelial-mesenchymal transition (EMT), a developmental program that is normally employed during embryogenesis (and in adults for the healing of epithelial tissues) and is hijacked by carcinoma cells, endowing them with multiple malignant traits associated with the loss of epithelial properties and the acquisition of certain mesenchymal features in their stead (Thiery, 2002) . The Epithelial-Mesenchymal Transition The EMT program confers on epithelial cells, both normal and neoplastic, properties that are critical to invasion and metastatic dissemination, notably increased motility, invasiveness, and the ability to degrade components of the extracellular matrix (ECM) (Kalluri and Weinberg, 2009; Nieto et al., 2016; Thiery, 2002) . In fact, the EMT is really a group of cell-biological programs that share features in common but differ in certain critical details, depending on the tissue site, the degree of malignancy, and the contextual signals experienced by individual neoplastic cells. These complex programs are orchestrated and coordinated by a series of master EMT-inducing transcription factors (EMT-TFs), notably Snail, Slug, Twist, and Zeb1, which have been explored in great experimental detail (De Craene and Berx, 2013; Lamouille et al., 2014 ). Yet other TFs capable of inducing components of the EMT program have also been described (e.g., Zeb2, Foxc2, Prrx1, among others), but their roles in cancer pathogenesis remain less well documented. Although traditional models of tumorigenesis posit that metastasis is a late event during the course of multi-step tumor progression, some studies have shown that acquisition of EMT-associated traits and the process of dissemination can actually occur relatively early, being evident even in certain preneoplastic lesions (Hü semann et al., 2008; Rhim et al., 2012; Harper et al., 2016) .
Of additional relevance is the fact that several types of carcinoma cells have been found to acquire tumor-initiating capability after induction of EMT programs. These include breast (Mani et al., 2008; Morel et al., 2008) , colorectal (Brabletz et al., 2005; Fan et al., 2012; Pang et al., 2010) , ovarian (Long et al., 2015) , pancreatic (Rasheed et al., 2010) , prostate (Kong et al., 2010) , and renal (Zhou et al., 2016) , among other types of carcinomas. Tumor-initiating ability, usually depicted as the defining trait of cancer stem cells (CSCs), is generally gauged by implantation of populations of neoplastic cells in appropriate mouse hosts. Such tests indicate that CSCs are almost always present as relatively small subpopulations of neoplastic cells residing within individual tumors among larger populations of cancer cells that lack tumor-initiating powers. Residence of a disseminating carcinoma cell in the CSC state would seem to be critical for progression through the invasionmetastasis cascade, since disseminated tumor cells must presumably be endowed with tumor-initiating ability in order to function as the founders of new metastatic colonies. Moreover, acquisition of more mesenchymal traits, as driven by an EMT program, has been found to elevate the resistance of carcinoma cells to various types of cytotoxic treatments, including both radio-and chemotherapies (Gupta et al., 2009; Kurrey et al., 2009) , providing one explanation of the often-observed phenomenon that CSCs tend to be more therapy resistant than their non-CSC counterparts (Singh and Settleman, 2010) .
While the EMT program might be depicted as operating much like a binary switch, in which cancer cells reside either in an epithelial or a mesenchymal state, the truth is more complex, in that EMT programs activated in carcinoma cells usually drive the acquisition of certain mesenchymal traits while permitting the retention of some epithelial traits, leaving carcinoma cells with mixed epithelial/mesenchymal phenotypes (Figures 1B and 1C) .
EMT programs seem almost invariably to be triggered in carcinoma cells by heterotypic signals that these cells receive from the nearby tumor-associated stroma. Thus, during the course of tumor progression, the stroma-which is composed of a variety of fibroblasts, myofibroblasts, endothelial, myeloid, and lymphoid cells recruited from host tissues-increasingly takes on the appearance of a stroma that typically forms during the healing of wounded epithelial tissues. Such a ''reactive'' stroma releases various signals, including TGF-bs, Wnts, and certain interleukins that impinge on nearby carcinoma cells, inducing the latter to activate their previously silent EMT The epithelial state can be portrayed as the default state of residence; as cells undergo an EMT they enter into a succession of multiple epigenetic states, depicted here as free energy wells, with each state moving toward a more mesenchymal phenotype representing a higher energy state. (C) However, the barriers between states, depicted here again as free energy wells, may be relatively low, resulting in substantial spontaneous interconversion between them, this being manifested as phenotypic plasticity.
programs. This activation is generally reversible, and indeed carcinoma cells that have activated EMT programs may revert via a mesenchymal-epithelial transition (MET) to the phenotypic state in which their ancestors resided prior to induction of the EMT program.
While the EMT program appears to be critical to invasion and dissemination of most and possibly all carcinoma types (see below), to date there have been no rules formulated to predict expression of its various components in different tissue contexts. Among the unresolved fundamental issues are: (1) the nature of the heterotypic signals that converge on carcinoma cells and collaborate to activate previously silent EMT programs in these cells; (2) the extent to which these programs are activated at various stages of carcinoma progression; (3) the extent to which the differentiation programs of normal cells of origin influence the expression of various components of the EMT program; (4) the respective roles of the various EMT-TFs cited above in collaborating with one another in choreographing various types of EMT programs; (5) the influence of somatic mutations sustained during primary tumor formation on the activation and expression of EMT programs; and (6) the roles of intracellular and extracellular signaling pathways in sustaining the expression of already-activated EMT programs.
Invasion by Collective Migration
Although the EMT is widely embraced as an important mode of carcinoma cell dissemination, its precise roles in primary tumor behavior remain unresolved. For example, invasion by primary tumor cells generally involves the collective migration of large, cohesive cohorts of cells into adjacent tissues rather than the dispersal of individual carcinoma cells ( Figure 1A ; Friedl et al., 2012) . The organization of these cohorts appears to conflict with the behavior of cells that have passed through an EMT and have lost cohesive cell-cell interactions, notably those mediated by adherens junctions. Thus, these cohorts provoke the question of whether EMT programs are indeed central to eventual carcinoma cell dissemination, as implied above, or instead represent only one of several alternative cell-biological programs that enable dissemination to occur.
Collective migration involving groups of cells, which is commonly seen at the borders of invasive carcinomas, is best documented in the case of carcinomas of the breast and lungs (Friedl et al., 2012) ; similar invasive cohorts undoubtedly participate in invasion by other types of carcinoma cells as well (Chung et al., 2016; Veracini et al., 2015) . Cells residing within these invasive cell phalanxes continue to express key epithelial markers such as E-cadherin, which helps to sustain the cohesion between the individual epithelial cells within these cohorts. Moreover, the polyclonal nature of metastatic colonies of certain breast cancers raises the possibility that they arose from genetically heterogeneous clusters of disseminated cells, rather than arising clonally from single disseminated cells . This raises the question of whether collective migration represents an alternative to EMT and whether the two cell-biological programs are essentially mutually exclusive.
In fact, detailed histopathological analyses of invasive cohorts often suggest that the EMT does indeed participate in collective migration (Ye et al., 2015) . Thus, these cohorts are themselves internally complex, with invading cells at the leading edges paving the way for large populations of followers to which they remain attached via cell-cell junctions (Cheung et al., 2013) . In some cases, careful examination has revealed that certain mesenchymal traits are exhibited by the leading cells at the invasive fronts during collective migration (Revenu and Gilmour, 2009; Westcott et al., 2015; Ye et al., 2015) . Such invading leaders are likely to release various proteases that degrade the extracellular matrix that would otherwise impede the forward progress of the cohort as a whole. Moreover, such leader cells may also possess the EMT-associated motility to enable forward motion of the cohort as a whole. Together, the cells at invasive edges may therefore pave the way for the followers that constitute the bulk of the cell phalanxes.
Unresolved is a key experimental test of this model: can collective invasion occur if activation of EMT programs is totally blocked? Yet other studies report the presence of cancer-associated fibroblasts, rather than carcinoma cells that have undergone an EMT, as leader cells at the invasive edges of carcinomas (Gaggioli et al., 2007) . Thus, additional experimental evidence is required to address and clarify more precisely the events occurring at the invasive edges of carcinomas and the nature of the normal and neoplastic cell types involved.
An Essential Role of the EMT Program in Metastasis
Two studies have recently undertaken to refute the essential role of the EMT program in the process of metastasis (Fischer et al., 2015; Zheng et al., 2015) . In both instances, the proofs that EMTs did not occur while metastasis proceeded were not supported by the evidence presented, leaving open the continuing question of whether EMT is indeed critical to the metastatic ability of all types of carcinoma cells. Moreover, the reports of these findings coincide with a time when the definition of the EMT is undergoing re-evaluation, as suggested above. Thus, EMT programs are increasingly viewed as generating cells residing in a spectrum of multiple intermediate states lying between epithelial and mesenchymal poles (Figures 1B and 1C; Bednarz-Knoll et al., 2012; Grosse-Wilde et al., 2015; Li and Kang, 2016; Nieto et al., 2016) . It is therefore likely that in some cases, metastasizing carcinomas may exhibit overt mesenchymal properties that aid in metastatic spread (Bonnomet et al., 2012; Trimboli et al., 2008) , whereas in other cases they may not require the same suite of EMT-associated traits (Celià -Terrassa et al., 2012) .
In fact, a large number of reports highlight the existence of the ''partial EMT'' state and its propensity to enhance tumor progression and metastasis (Bednarz-Knoll et al., 2012; Grosse-Wilde et al., 2015; Hong et al., 2015; Jordan et al., 2011; Lundgren et al., 2009; Sampson et al., 2014; Schliekelman et al., 2015) . In contrast, induction of a fully mesenchymal state, as achieved experimentally through the actions of introduced, highly expressed EMT-TFs and resulting completion of an entire EMT program, yields cells that have lost tumor-initiating ability and thus the power to found metastatic colonies (Ocañ a et al., 2012; Tsai et al., 2012) . Stated differently, the phenotypic plasticity associated with carcinoma cells inhabiting the middle of the epithelial-mesenchymal spectrum appears to be critical to the founding of metastatic colonies and their subsequent robust outgrowth. Unaddressed by this discussion is the behavior of ovarian carcinomas, whose spread through the peritoneal space operates through principles very different from those characteristic of most solid tumors. Circulating Tumor Cells Individual invasive carcinoma cells and invasive cohorts arising from primary tumors may, sooner or later, invade into the vasculature either of adjacent normal tissues or the neovasculature that has been assembled within the tumors themselves. The resulting intravasation provides access to an avenue for circulating tumor cells (CTCs) to travel to distant sites, where they may seed new metastatic colonies . Such travelers may move as individual cells or as multi-cellular clumps that can persist in the circulation until they encounter the small-bore microvessels of distant tissues (which often possess luminal diameters as small as 8 mm). The consequent physical trapping would seem to ensure that the vast majority of intravasated CTCs dwell in the general circulation for only seconds or minutes after their initial entry into the vasculature. Although most CTCs may be rapidly cleared, it has been recently reported that even clusters of CTCs are capable of maneuvering through capillary-sized vessels, doing so as a single-cell chain still held together through adhesive interactions (Au et al., 2016) . CTC clusters introduced experimentally into the venous circulation are far more efficient than individual carcinoma cells in seeding metastatic colonies, ostensibly because, relative to single CTCs, they are more resistant to apoptosis and may have an advantage in physically lodging in the lumia of vessels . In addition, these clusters might be shielded from various types of attacks, such as those launched by natural killer (NK) cells, and may benefit from certain poorly understood advantages in post-extravasation proliferation that could contribute to their increased metastatic efficiency.
Nonetheless, single CTCs have been extensively studied in recent years because of technical improvements in their isolation from the blood of cancer patients (Aceto et al., 2015) . Implicit in these surveys is the notion that these cells represent intermediaries between primary tumors and eventually formed metastatic colonies. However, in light of the considerations discussed above, it remains unclear which types of CTCs (single versus clusters) are actually responsible for the lion's share of metastasis formation. Indeed, the probability of a single CTC successfully founding a metastatic colony is vanishingly small (Baccelli et al., 2013) . Independent of these considerations is the notion that single and clustered CTCs released by primary tumors could often be produced in a certain ratio, in which case the solitary CTCs may serve as surrogate markers of the cell clusters that may indeed be responsible for the formation of the great majority of metastatic colonies.
Of additional relevance here is the fact the CTCs, traveling either as individual cells or as clusters, often exhibit combinations of epithelial and mesenchymal traits, reinforcing the role of the EMT program in the process of intravasation and cancer cell dissemination (Yu et al., 2013) . Moreover, in longitudinal studies of individual patients, the fraction of mesenchymal CTCs has been found to increase progressively with acquired treatment resistance and disease progression. One concern here derives from the fact that CTC enrichment methods that rely on the display by CTCs of cell-surface epithelial markers may well miss capturing a sizeable, clinically relevant portion of the CTCs that are responsible for seeding distant metastases but have shed the bulk of their epithelial cell-surface markers as a consequence of extensive progression through EMT programs.
All of these provisos do not detract from certain alreadyproven uses of CTC technology. Single CTCs may indeed be useful for certain types of diagnoses, since the presence of CTCs has been repeatedly found in commonly occurring carcinomas, including those of the breast, prostate, lung, and colon (Aceto et al., 2015) . In particular, the longitudinal monitoring of CTC concentrations through ''liquid biopsies'' may provide highly useful information about the responses of a patient's tumor to various types of therapies. Another clearly useful application is the measurement of CTCs in patients whose primary tumors have been removed in order to determine whether residual, occult metastatic deposits persist and continue to empty carcinoma cells into the circulation.
In addition, the isolation, ex vivo expansion, and analysis of viable CTCs can be used to profile genetic mutations and drug sensitivities of the cells residing within primary tumors . This may allow the prediction of patient responses to various types of therapy, especially when the lesions being treated are not readily biopsied, for example those in the brain. Indeed, one already published report demonstrates that CTCs isolated from prostate cancer patients can be harbingers of eventually acquired drug resistance, such as those carrying molecular changes that can confer resistance to androgen receptor antagonists (Miyamoto et al., 2015) . Ideally, early detection and characterization of CTCs prior to the appearance of clinically detectable metastatic growths could be used to initiate or switch treatment before the eruption of life-threatening metastases. At present, however, this seems to be impractical, given the fact that even actively growing, aggressive tumors tend to release relatively low numbers of detectable CTCs into the circulation.
Interactions in Transit: Fates of Intravasated Carcinoma Cells
In fact, carcinoma cells that have successfully invaded stromal environments surrounding primary tumors can intravasate either into blood or lymphatic vessels. The dissemination of cancer cells to draining lymph nodes represents an important clinical parameter that is incorporated into the histopathological staging of the disease and thus is associated with particular prognoses (de Boer et al., 2010) . While carcinoma cells may promote the growth of lymphatic vessels through the process of lymphangiogenesis (Karaman and Detmar, 2014 )-a process that is correlated with disease progression (Skobe et al., 2001 )-there is scant evidence for the notion that the draining lymph nodes represent temporary staging areas that enable significant numbers of cancer cells to pause before proceeding further into the bloodstream and thereafter to distant sites in the body. Hence, these small metastatic deposits probably represent dead ends for cancer cells and primarily function as surrogate markers that reveal the extent of parallel, concomitant dissemination from the primary tumor into the general circulation. For this reason, the discussion below is focused on the hematogenous transport of carcinoma cells, as this is likely the main route that metastatic cancer cells traverse prior to entering and colonizing distant tissues.
The safe passage of intravasated cancer cells to distant anatomical sites is hardly guaranteed. Although the transit time of a cancer cell through the bloodstream may amount to only a few minutes, CTCs encounter multiple obstacles en route to the parenchyma of distant tissues. Foremost here are the physical challenges associated with life in circulation, which include loss of attachment to a substrate, hydrodynamic flow, and shear stress (Headley et al., 2016) . In addition, carcinoma cells in the circulation are vulnerable to an immune attack, notably by NK cells that target them for rapid elimination. However, certain interactions between circulating carcinoma cells and other cell types in the circulation can actually facilitate their passage to and extravasation at distant sites, notably those involving platelets, neutrophils, monocytes/macrophages, and endothelial cells (Figure 2 ).
Interactions with Platelets
Once in the circulation, CTCs rapidly associate with platelets, an interaction that is triggered by tissue factor displayed on the surface of the carcinoma cells (Labelle and Hynes, 2012) . Depending on the rate of CTC introduction into the circulation, this can lead to imbalances in the normal homeostatic controls on coagulation, which can result in certain clotting symptoms that are seen in patients with cancer, specifically microthrombi, disseminated intravascular coagulation, and even large pulmonary emboli (Gay and Felding-Habermann, 2011) .
At the same time, platelets facilitate tumor metastasis. Indeed, the contribution of platelets to the metastatic process has been appreciated since the 1960s, when studies revealed that experimental induction of thrombocytopenia can exert an anti-metastatic effect (Gasic et al., 1968) , while a high platelet count has for years been known to be associated with a poor clinical prognosis across diverse types of carcinomas (Gay and Felding-Habermann, 2011) . Platelets contain a plethora of bioactive molecules that can potentially impact cancer progression and work in more recent years has revealed a number of mechanisms by which platelets can alter the fate of carcinoma cells in transit (Franco et al., 2015; Gay and Felding-Habermann, 2011) .
Of relevance here is the fact that platelets can protect CTCs from elimination by cellular arms of the immune system. More specifically, adhered platelets can prevent tumor cell recognition and lysis by NK cells (Kopp et al., 2009; Nieswandt et al., 1999; Palumbo et al., 2005) . This effect can be mediated by soluble factors derived from platelets, including TGF-b and PDGF that inhibit NK cell activity (Labelle and Hynes, 2012) , and, quite possibly, by physically shielding cancer cells from NK cells The bloodstream represents a hostile environment for CTCs, exposing them to rapid clearance by natural killer (NK) cells or fragmentation due to the physical stresses encountered in transit through the circulation. Carcinoma cells gain physical and immune protection through the actions of platelets, which coat CTCs shortly after intravasation. Neutrophils can provide protection from NK cell attacks as well, while also contributing to the physical entrapment and extravasation of CTCs. Once lodged in a capillary, activated platelets and carcinoma cells secrete a number of bioactive factors that can act on monocytes, endothelial cells, and the carcinoma cells themselves. The collective effects of these interactions promote the transendothelial migration (TEM) of carcinoma cells, which can be aided by metastasis-associated macrophages (MAMs) in the target parenchyma. In lieu of TEM, arrested carcinoma cells may also proliferate intraluminally (not shown) or induce necroptosis in endothelial cells.
through the formation of protective cloaks around CTCs and the deposition of fibrinogen on the cancer cells (Palumbo et al., 2005 (Palumbo et al., , 2007 . Such protection specifically against NK cellmediated attack may represent the most important benefit conferred on intravascular carcinoma cells by platelets, since the pro-metastatic effects of the thrombocytes are no longer apparent in mice depleted of NK cells (Palumbo et al., 2005) .
In addition to protecting circulating tumor cells from external insults, platelets can also alter intracellular signaling pathways within carcinoma cells that ultimately affect the ability of the latter to establish metastatic growths. Notably, TGF-b secreted by degranulating platelets can act in coordination with contactdependent signals that activate the NF-kB pathway in carcinoma cells, thereby inducing or sustaining the expression of EMT programs in the CTCs (Labelle et al., 2011) . This direct signaling between platelets and carcinoma cells can presumably substitute for the absence of stroma-derived signals that previously led, in the context of the primary tumor, to the induction of an EMT. In the absence of such heterotypic interactions, CTCs may revert via a MET to the epithelial state of their ancestors in the primary tumor, thereby losing the invasive traits and tumor-initiating ability that would seem to be critical for subsequent extravasation and the founding of metastatic colonies.
Once activated by cancer cells, platelets can signal to nearby endothelial cells as well. Tumor cells elicit ATP secretion from activated platelets, which can proceed to render the vasculature more permeable by acting on P2Y2 receptors expressed by endothelial cells (Schumacher et al., 2013) . Moreover, physical interactions between platelets and endothelial cells, for example those mediated by selectins, have been proposed to be important for the adhesion of platelet-cancer cell clusters to the walls of the vasculature (Kö hler et al., 2010) . It remains unclear, however, whether such adhesive interactions are actually critical to the intraluminal arrest and eventual entrance by the neoplastic cells into the parenchyma of various tissues.
Interactions with Neutrophils
Neutrophils can exist in distinct and dynamically changing phenotypic states that can be shaped by the primary tumor as well as other host cells (Coffelt et al., 2016; Fridlender et al., 2009; Sagiv et al., 2015) . We focus here on their actions in circulation, where evidence is beginning to clarify their role during this phase of the metastatic cascade. In certain instances neutrophils have been found to inhibit metastasis. For example, primary tumors can educate neutrophils via CCL2 secretion, giving rise to tumor-entrained neutrophils (Granot et al., 2011) . These cells appear to accumulate in the circulation and the lungs of tumor-bearing mice even prior to metastatic progression and have been found to prevent carcinoma cells from seeding the lungs. Neutrophils mobilized by G-CSF treatment lack this power (Granot et al., 2011) , highlighting the fact that neutrophils can be primed to adopt different functional states.
In large part, however, the molecular and cellular physiology of neutrophils appears to dictate that their predominant role is one that favors metastatic seeding. For example, neutrophil extracellular traps (NETs), which are formed from released DNA molecules, are designed to entangle pathogens during a response to infection but can also be deployed by neutrophils to capture tumor cells in the circulation (Cools-Lartigue et al., 2013) . Such entangled CTCs may be more apt to survive intraluminally, adhere to endothelial cells, and extravasate. Neutrophils can directly interact with tumor cells trapped in the vasculature, prolonging their retention in the lung after intravenous injection (Huh et al., 2010) . In a similar manner, neutrophils can facilitate adhesive interactions within liver sinusoids, thereby serving as physical platforms on which CTCs can dock prior to extravasation (Spicer et al., 2012) . Additionally, neutrophils enhance the extravasation of tumor cells after arrest, mainly through the secretion of various matrix metalloproteinases (MMPs) (Spiegel et al., 2016) .
Neutrophils have also been shown to exert immunosuppressive functions. Often mobilized through systemic signaling by a primary tumor, neutrophils can inhibit both cytotoxic CD8 + T cell responses (Coffelt et al., 2015) and the intraluminal clearance of carcinoma cells by NK cells (Spiegel et al., 2016) . Such protection from attack by arms of the innate and adaptive immune system offers a clear advantage to tumor cells in transit. Finally, some of the effects mediated by neutrophils may occur in response to the aggregation of platelets and tumor cells noted previously. Thus, the release of platelet-derived chemokines can recruit neutrophils, which can then, as described here, enhance the seeding and metastatic outgrowth of carcinoma cells in circulation (Labelle et al., 2014) . Extravasation Many of the intravascular interactions described above influence the ability of CTCs to extravasate and thereby enter into the parenchyma of distant tissues. Extravasation requires carcinoma cells to traverse the endothelial wall through a process that is termed transendothelial migration (TEM) (Reymond et al., 2013) . Earlier we cited the ability of ATP released by activated platelets to render the capillary walls more permeable; in more detail, this is achieved by causing endothelial cells to retract from one another. In addition, breast carcinoma cells primed by TGF-b in the primary tumor acquire the ability to produce angiopoietin-like 4 (ANGPTL4), which enhances the permeability of the lung vasculature, promotes TEM of carcinoma cells, and leads to an increased capacity for metastatic outgrowth (Padua et al., 2008) . Several other proteins produced by carcinoma cells have been reported to function as disruptors of vascular integrity, including VEGF, MMPs, and ADAM12; these secreted molecules seem to enhance both intravasation as well as extravasation (Gupta et al., 2007; Reymond et al., 2013) , indicating that certain traits that were advantageous previously in the course of primary tumor invasion may also prove useful at later steps in the invasion-metastasis cascade.
The recruitment of monocytes has also been demonstrated to play a functional role in tumor cell extravasation. In particular, the recruitment of CCR2 + inflammatory monocytes in response to CCL2 secretion by carcinoma or host cells can facilitate extravasation and subsequent metastatic growth in the lung parenchyma (Qian et al., 2011; Wolf et al., 2012) . These inflammatory monocytes may differentiate into metastasis-associated macrophages, which similarly enhance the seeding, survival, and growth of carcinoma cells in the lung through the release of VEGF (Qian et al., 2009 (Qian et al., , 2011 . CCL2 can also act directly on endothelial cells to enhance vascular permeability (Wolf et al., 2012) . Although inhibition of the CCL2-CCR2 axis would seem to represent an ideal anti-metastatic therapy, the termination of anti-CCL2 therapy actually leads to an enhanced monocyte infiltration of tumors and lungs with a corresponding acceleration of disease progression (Bonapace et al., 2014) , underscoring the dynamic and unpredictable nature of targeting such microenvironmental interactions.
Most experimental models of metastasis have, for various reasons, focused on the lungs as destination sites of disseminated tumor cells. However, the requirements for successful extravasation and the relevant interactions that facilitate this process are likely to be quite different in various tissue sites. For instance, the fenestrated sinusoids of the bone marrow and liver are more likely to permit the passive entry of CTCs, obviating many of the complex interactions and mechanisms enumerated above. In the case of the brain, the dissemination of carcinoma cells would seem to require passage through the blood-brain barrier, which may in fact necessitate the actions of a tissue-specific program for extravasation that is very different from those enabling metastatic seeding elsewhere in the body. Indeed, breast cancer cells selected for preferential metastasis to the brain express at high levels a number of genes that are known to facilitate passage through the blood-brain barrier Sevenich et al., 2014) .
In certain cases, TEM migration may not be required at all, as arrested carcinoma cells have been found to proliferate in the lumina of blood vessels, leading to the growth of large intraluminal tumor colonies that eventually rupture nearby endothelial walls, enabling direct access to the tissue parenchyma (Al-Mehdi et al., 2000) . Finally, a novel mechanism has recently been described, in which tumor cells can extravasate and generate lung metastases via induction of programmed necrosis (necroptosis) in endothelial cells (Strilic et al., 2016) .
Metastatic Colonization
The growth of an overt metastatic colony represents the final and most deadly phase in the malignant progression of a tumor. Still, the vast majority of carcinoma cells in circulation seem ill prepared for growth in a distant organ environment; some experimental evidence has yielded estimates of the efficiency of metastasis after intravenous injection of tumor cells as low as 0.01% (Chambers et al., 2002) . Even carcinoma cells that have managed to extravasate seem almost invariably destined to either be eliminated from the tissue parenchyma or to enter into a state of dormancy (Luzzi et al., 1998) , in which they persist in an indolent state as single disseminated tumor cells (DTCs) or as small micrometastatic clusters-sometimes for weeks, months, even years.
Having traveled far from the primary tumor, DTCs find themselves in a new tissue microenvironment that is devoid of the familiar stromal cells, growth factors, and ECM constituents that previously sustained the lives of their predecessors in the primary site. Hence, their inability to continue proliferating and the resulting entrance into a prolonged growth-arrested state may often be attributable to a microenvironment to which these cells are poorly adapted when they first arrive after extravasation. When portrayed in this way, metastatic dormancy reflects a failure of DTCs to adapt to and colonize a given tissue. Importantly, a dormant state can also be actively imposed by certain anti-proliferative signals encountered by recently arrived cells in the parenchyma of foreign tissues. We first consider the programs operative in dormant DTCs before turning to those that enable colonization.
Dormancy Programs
The latent, clinically inapparent phase of metastasis might well be the result of factors beyond those cited here that render carcinoma cells unable to proliferate, such as an inability to induce angiogenesis or active suppression by the immune system (Aguirre-Ghiso, 2007). These two particular mechanisms are thought to permit a low level of proliferation that is counterbalanced by ongoing elimination, resulting in no net increase in the sizes of micrometastatic clusters.
From a clinical perspective, patients successfully treated for their primary tumors but potentially harboring such dormant cancer cells are considered to have asymptomatic minimal residual disease (MRD) ( Figure 3A ). For certain carcinomas, such as those of the breast, prostate, and kidney, this period of dormancy may last for many years, even decades after ostensibly successful courses of initial therapy. And while it is difficult to formally prove that a metastatic colony directly developed from a preexisting dormant DTC, the presence of DTCs in the bone marrow is clearly correlated with an increased risk of eventual clinical recurrence (Braun et al., 2005) . This reveals why an understanding of the biologic bases of dormancy is of utmost clinical importance, if only because the period of dormancy represents a critical time window during which therapeutic interventions directed at DTCs-either targeting them for elimination or restraining their proliferation-may well succeed in preventing the eventual eruption of life-threatening metastatic disease. Dormancy programs ( Figure 3B ) can be initiated from either an active response to signals encountered in the new tissue microenvironment or from an absence of contextual cues that carcinoma cells previously depended on while residing in their sites of origin within primary tumors (Giancotti, 2013; Sosa et al., 2014) . As an example, DTCs that respond to survival signals present in the microenvironment can avoid destruction and persist for extended periods within a tissue parenchyma. In one well-studied case, breast cancer cells that have lodged in the bone marrow and possess high SRC activity and expression of CXCR4 are able to activate pro-survival pathways in response to bone-derived CXCL12 . DTCs capable of sensing and responding to these survival cues are able to counteract TRAIL-induced apoptosis, a conserved tissue defense mechanism that can work in the opposite direction to eliminate DTCs. The survival of DTCs may also be related to their ability to withstand anoikis, for example through the expression of the tyrosine kinase receptor TrkB (Douma et al., 2004) or through non-canonical Wnt signaling mediated by WNT2 (Yu et al., 2012) .
Even if DTCs benefit from such survival signals in their new tissue environment, in the absence of additional mitogenic cues, including interactions with the extracellular matrix (ECM), these cells may languish in a dormant state. Thus, dormancy has been reported to ensue when disseminated carcinoma cells fail to engage integrin b 1 and the downstream activation of focal adhesion kinase (FAK) (Aguirre Ghiso et al., 1999; Barkan et al., 2008; Shibue and Weinberg, 2009 ). The ability of DTCs to productively interact with the matrix, at least in the context of the lung, appears to be contingent upon the formation of filopodium-like protrusions (FLPs) that are coated with integrin b 1 (Shibue et al., 2012 (Shibue et al., , 2013 . DTCs that are unable to sense or respond to such adhesive signals fail to activate proliferative programs that are primarily driven by FAK, SRC, and ERK signaling (Barkan et al., 2010; Shibue et al., 2012) . Accordingly, combined inhibition of both the SRC and ERK pathways blocks the escape of DTCs from dormancy and thus prevents their subsequent success in metastatic colonization (El Touny et al., 2014) .
Several dormancy-inducing signals found in the microenvironment of certain target tissues have been identified as well. For instance, TGF-b2, present in high concentrations in the bone marrow and acting through stimulation of TGF-b-RI and TGFb-RIII displayed by DTCs, can impose a state of dormancy upon head-and-neck squamous carcinoma cells (Bragado et al., 2013) . Members of the related BMP ligand family have also been linked to metastatic dormancy. BMP7, which can be produced by bone stromal cells, can induce dormancy in prostate cancer cells (Kobayashi et al., 2011) . In the lung, too, a number of alternative BMP ligands are expressed, including BMP4, and these have been implicated as factors that maintain a state of dormancy in disseminated mammary carcinoma cells (Gao et al., 2012) . Many of these dormancy-inducing cytokines lead to activation of the p38 MAPK pathway; coupled with the absence of mitogenic signals, this has the net effect of promoting an ERK low /p38 high state in DTCs, which leads in turn to arrest in the G 0 /G 1 phases of the cell cycle and associated quiescence (Sosa et al., 2011) .
The Dormant Niche Dormant DTCs may reside in specialized niches ( Figure 3C ) that support their survival, restrain their proliferation, and quite possibly provide resistance to therapeutic agents (Ghajar, 2015) . Of particular interest here is the idea that dormant DTCs can co-opt a niche that is otherwise reserved for tissue-resident stem cell populations. A compelling demonstration of this phenomenon is provided by the case of prostate cancer cells that metastasize to the bone, where these carcinoma cells have been found to compete with hematopoietic stem cells (HSCs) for occupancy of sites in the endosteal niche; this occurs via the CXCL12-CXCR4 signaling axis that is normally reserved for the physiologic regulation of HSCs (Shiozawa et al., 2011) . The fact that DTCs can specifically target a stem-cell niche suggests that they may be poised to respond to the quiescent and survival signals present within the HSC microenvironment.
In multiple organs-including the lung, bone, and brain-DTCs have been found to reside in the microenvironment surrounding the vasculature, a region known as the perivascular niche (Ghajar, 2015) . Whether this represents their active retention in this niche or simply indicates an inability to move farther from the vasculature after initial extravasation is unclear. An alternative mechanism is suggested by the finding that factors present in the perivascular niche have been demonstrated to actively promote dormancy. Thus, thrombospondin-1, produced from mature endothelial cells and deposited in the microvascular basement membrane, is able to confine DTCs to residence in a quiescent state (Ghajar et al., 2013) . Moreover, in a study using real-time imaging to examine the process of brain metastasis, the rare solitary DTCs that achieved long-term dormancy were invariably localized to the perivascular region (Kienast et al., 2010) , suggesting a critical role for this niche in sustaining dormant DTCs in the brain as well.
DTCs must protect themselves from immune attack when dwelling as isolated single cells lodged far from the confines of the immunosuppressive primary tumor microenvironment. Breast and lung carcinoma cells selected for their ability to persist in a latent state after seeding of distant organ sites succeed in evading clearance by NK cells through the repression of various NK cell-activating ligands, a program that appears to be tightly coupled with entrance into a quiescent state (Malladi et al., 2016) . Indeed, these latency-competent cells have been observed to grow out when injected into mice that lack NK cells, indicating that the innate immune system is an important component of the dormant niche that effectively forces many cancer cells into a quiescent state. A quite different process is suggested by the observation that antigen-presenting dendritic cells can protect against metastasis (Headley et al., 2016) , implying a role of the adaptive immune system in controlling the growth of metastatic deposits. Both CD4 + and CD8 + T cells have been implicated in the control of dormant primary tumor cells through the secretion of IFNg (Koebel et al., 2007; Mü ller-Hermelink et al., 2008) and there is evidence that CD8 + T cells can hold disseminated uveal melanoma cells in a dormant state (Eyles et al., 2010) . However, at present very little is known about such immune-mediated dormancy mechanisms in the context of DTCs originating from carcinomas.
Cancer Stem Cell Programs and the Initiation of Metastatic Colonization
As mentioned above, activation of the EMT program, which is capable of driving the physical dissemination of carcinoma cells to distant anatomical sites, can also confer upon these cells important stem cell traits (Mani et al., 2008; Morel et al., 2008) that would appear to be highly relevant to metastatic colonization. Thus, an apparent prerequisite to the successful formation of a metastatic colony is the property of tumor initiation as embodied in CSCs. At least in principle, it is only those DTCs that reside in the CSC state that are qualified to serve as the founders of metastatic colonies. Accumulating evidence, mostly from animal models, largely supports this notion. In the MMTV-PyMT mammary tumor model, a rare population of CSCs has been shown to be responsible for the initiation of metastatic growths in the lung and, accordingly, the ability of these tumors to metastasize is dependent on the maintenance of this stem cell population through enhanced Wnt signaling (Malanchi et al., 2011) . In human breast cancer cells, the activation of key stem cells pathways, such as Wnt and Notch signaling, is also important for supporting their colonization in xenograft mouse models (Oskarsson et al., 2011) . And mouse models of lung adenocarcinoma have revealed that metastatic progression is associated with a dedifferentiation program, mediated by loss of Nkx2-1 expression, which resembles programs operating in stem-like states Winslow et al., 2011) . Thus, it appears that the metastatic potential of a carcinoma is closely related to its ability to dispatch populations of CSCs that can re-initiate tumor growth after arrival at distant sites (Oskarsson et al., 2014) . This notion implies that cell state is a critical determinant of successful metastasis, more specifically residence in the epigenetic state associated with CSCs.
As discussed extensively above, an alternative to metastatic outgrowth proceeding immediately after dissemination is the entrance of DTCs into an indolent state in which they may persist for extended periods of time before their progeny eventually erupt into readily detectable macroscopic metastases. Such persistence may be favored by the acquisition of stem cell characteristics. Thus, DTCs detected in the bone marrow of breast cancer patients exhibit features of CSCs (Balic et al., 2006) . Consistent with this, cells that remain in a latent state in distant tissues also show CSC attributes, including expression of the SOX2 and SOX9 transcription factors (Malladi et al., 2016) . In addition, single-cell expression analyses have been applied to DTCs isolated from the organs of patient-derived xenograft (PDX) models of breast cancer; some organs harbored low-burden metastatic disease due to the presence of small numbers of ostensibly dormant carcinoma cells (Lawson et al., 2015) . These cells exhibited a distinctive gene expression profile, relative to carcinoma cells from advanced metastatic lesions, that was characterized by the expression of EMT, stem cell, and survival/dormancy genes. Most intriguingly, when neoplastic cells isolated from such low-burden tissues were implanted into new recipient animals, they retained their tumorigenic potential and could readily generate more differentiated carcinomas (Lawson et al., 2015) . These studies provide further evidence in support of the notion that stem-like cancer cells often serve as the founders of metastatic colonies, even when such colonies appear only after great delay.
This scheme implicating the EMT and stem-cell programs as critical prerequisites to the successful founding of metastatic colonies must be reconciled with the commonly observed fact that carcinoma metastases tend to recapitulate key histopathological traits of their corresponding primary tumors. Among other traits, this usually includes significant epithelial features (Brabletz, 2012). On its surface, this notion this would seem incompatible with the proposition that EMT plays a central role in launching carcinoma metastases through its ability to impart mesenchymal and stem cell attributes to the disseminating cells. In fact, this paradox is resolved by numerous studies, some cited here in passing, that have found that the disseminated progeny of carcinoma cells appear to undergo the reverse of the EMT program at some point after dissemination, i.e., they pass through a MET. This reversion to an epithelial state should restore many of the cellular traits that were lost during the prior passage through an EMT (Brabletz, 2012) and enable reconstruction of hierarchical cell organizations similar to those present in the initial primary tumors. Indeed, such reversals by many cells within an early metastatic growth to a more epithelial state may actually be essential for metastatic colonization (Del Pozo Martin et al., 2015; Korpal et al., 2011; Ocañ a et al., 2012; Tsai et al., 2012) . Of note, it remains unclear precisely why highly mesenchymal CSCs cannot generate robustly growing metastatic colonies in the absence of the epithelial progeny generated by such METs.
Mechanisms of Colonization
Metastatic colonization appears, at least as presently understood, to depend critically on two preconditions of the disseminated carcinomas cells: they must possess tumor-initiating ability, as argued above, and they must in some fashion contrive adaptive programs that enable them to thrive in the microenvironment present in the parenchyma of distant tissues. The ''seed and soil'' hypothesis, put forth by Paget in the late 19 th century, suggested a complementary notion-essentially, that certain types of carcinoma cells are more able to generate metastases in certain foreign tissue microenvironments than are others (Fidler, 2003) . Unspoken by Paget was the notion that even in such favored metastatic sites, DTCs must still undergo some form of phenotypic adaptation in order to proliferate robustly in those sites. Thus, the proclivity of prostate and breast carcinomas to metastasize to the bone would seem to imply some preexisting ability of the corresponding DTCs to more readily assemble adaptive programs suited to that tissue, whereas other less-favored tissue sites might require more elaborate, less readily assembled adaptive programs.
To be sure, in certain cases, the organ-specific tropism of metastatic cells is influenced by the design of the circulatory system. Colorectal carcinoma (CRC) metastasis to the liver is strongly favored simply because the portal vein draining the gut empties directly into the liver (Gupta and Massagué , 2006) . Hence, even if disseminated CRC cells were intrinsically poorly adaptable for liver colonization, the sheer numbers of these cells that are trapped in the liver after passage through the portal vein may, on its own, pre-ordain metastases eventually arising at this site.
Importantly, the layout of the circulatory system explains only a small proportion of the organ-specific metastases commonly observed in the oncology clinic. Often cited in this context is the proclivity of breast and prostate cancer cells, as mentioned above, to colonize the bone marrow, usually termed osteotropic metastasis. We highlight below specific examples that illustrate the nature of the adaptive programs that seem critical to successful metastatic outgrowth.
To begin, we note that some of these programs may act generally by conferring a survival advantage in a number of distinct target organs. For instance, cancer cells have been shown to experience higher levels of oxidative stress both in the circulation and in the parenchyma of a distant tissue (Piskounova et al., 2015) . As a consequence, metabolic adaptations, including the synthesis of antioxidants, may promote the survival and eventual metastatic outgrowth in diverse sites. Adhesive interactions that substitute for those encountered in the primary tumor, such as homotypic cell-cell interactions in the case of disseminating CTC clusters or FLP-ECM interactions in the case of single DTCs (Shibue et al., 2012) , may be capable of activating crucial survival pathways in a manner that could be independent of specific target organs and would thus qualify as more general adaptations promoting colonization.
These general adaptive programs may be nothing more than preludes to the challenging tasks of contriving more narrowly applicable, tissue-specific adaptations. Indeed, a diverse array of organ-specific metastatic programs that mediate colonization of the bone, lung, liver, and brain have been reported and studied in mechanistic detail Obenauf and Massague, 2015; Sethi and Kang, 2011) . In the brain, for example, cancer cells encounter reactive astrocytes that produce plasminogen activator, leading to the production of plasmin that induces carcinoma cell death (Valiente et al., 2014) . The ability of carcinoma cells to survive in this hostile environment is dependent upon the expression of serpins, which are typically produced by neurons and protect against plasminogen activator-mediated cell death. In the lung, VCAM-1-expressing carcinoma cells are able to activate their own AKT signaling by physically engaging with integrin a 4 on macrophages that are particularly abundant in the pulmonary microenvironment (Chen et al., 2011) . The survival of carcinoma cells in the liver has been linked to an ability to utilize creatine and ATP present in the extracellular microenvironment to generate and import phosphocreatine, which may confer a significant survival advantage on DTCs subject to metabolic stress . The diversity of these survival mechanisms is a clear reflection of the varied cellular and molecular determinants of successful colonization that operate within different target organs.
More generally, the mechanisms that permit and/or promote the proliferation of various types of cancer cells in diverse distant tissue microenvironments remain obscure. Arguably, the bestunderstood example to date involves the metastatic colonization of the bone, which has been documented in the case of the osteolytic metastases formed by breast cancers Obenauf and Massague, 2015; Weilbaecher et al., 2011) . Breast carcinoma cells produce a number of molecules, including parathyroid hormone-related protein (PTHrP), IL-11, and MMPs, that favor RANKL stimulation of osteoclast activity, which in turn liberates growth factors from the bone matrix that reciprocally promote tumor cell proliferation and the secretion of even more factors that enhance osteoclast activity. The resulting self-reinforcing positive-feedback loop has been termed the ''vicious cycle'' of osteolytic metastasis (Mundy, 2002) . In contrast, prostate carcinoma cells tend to spawn predominantly osteoblastic metastases that occur as a result of induced osteoblast differentiation (Weilbaecher et al., 2011) . Presumably, the appearance of macroscopic metastases in other target organs is similarly dependent on the ability of carcinoma cells to subvert normal cell types residing within these organs, but the details of these heterotypic interactions largely remain to be defined. In one recent example, breast carcinoma cells that colonize the brain have been found to benefit from communication with astrocytes through the assembly of gap junctions established between cancer cells and astrocytes .
The growth of a metastatic colony may also ensue when dormant DTCs are awakened from their indolent state. The awakening of previously dormant micrometastases may depend on the successful assembly of functional adaptive programs, which may be achieved only rarely per cell generation, explaining the extraordinary low efficiency of metastasis formation. For example, we note that dormant micrometastases in the bone that somehow gain expression of VCAM-1 can transition to an active colonization phase through the recruitment of osteoclast progenitor cells expressing integrin a 4 b 1 , a receptor for VCAM-1, which enables bone resorption and initiation of the vicious cycle described above (Lu et al., 2011) . Carcinoma cells in the lung are able to escape dormancy through the production of Coco, a secreted inhibitor of BMP signaling that promotes colonization (Gao et al., 2012) . Unspoken here are the mechanisms by which such adaptive programs are actually acquired. Thus, it seems likely that continuous, low-level proliferation of the cells within individual micrometastatic deposits-this occurring over extended periods of time-is essential to the ability of DTCs to stumble through trial and error on highly effective gene expression programs and adaptive behaviors that enable them to thrive in the tissue microenvironment in which they happen to have landed.
Programs that confer multi-organ colonization potential may exist as well. Interestingly, the few examples of these programs that have been described center on interactions between DTCs and the ECM. For example, carcinoma cells selected in vivo for their ability to re-initiate tumor growth in subsequent xenotransplantation injections are also highly competent in establishing metastatic growths in multiple different organs (Ross et al., 2015) . In this case, the capacity for multi-organ colonization has been traced to the production of the matrix protein laminin-a4 (LAMA4), which seems to be critical for the initial proliferation of DTCs. Similarly, the collagen receptor DDR1, in collaboration with the TM4SF1 adaptor protein, has recently been identified as a signaling axis that regulates CSCs and thereby enables the outgrowth of otherwise-dormant carcinoma cells in multiple organ sites (Gao et al., 2016) . The activation of such programs could account for the apparently synchronous appearance of metastases in various organs-metastatic showers-that are occasionally observed in patients.
The Metastatic Microenvironment
The above discussions fail to address in any detail the nature of the resident cells within various types of normal tissues that sprout metastatic colonies. At least in the case of carcinomas, these residents are essentially the various types of more mesenchymal cells that constitute the tissue-associated stroma together with the ECM laid down by these cells. To begin, in the same way that primary tumors are highly dependent on their recruited stromal microenvironment, metastatic growths seem equally reliant on stromal support (Hanahan and Coussens, 2012; Quail and Joyce, 2013; Wan et al., 2013) . Indeed, the transition of carcinoma cells from a dormant state to one of robust outgrowth may be provoked by changes in their local environment. For example, the apparent dormancy-inducing actions of the perivascular niche noted above seem to be reversed during neo-vascularization as sprouting endothelial tip cells secrete TGF-b1 and periostin (POSTN), which can break dormancy and promote tumor cell proliferation (Ghajar et al., 2013) . Consistent with this idea, the outgrowth of dormant DTCs in the brain also seems to be dependent on angiogenesis (Kienast et al., 2010) . Another recent report describes the outgrowth of previously latent DTCs in the lungs being provoked by inflammation (as mediated by pro-inflammatory cells) induced in this tissue (De Cock et al., 2016) .
Other findings suggest that metastatic colonization requires, or at least can be aided by, a supportive ECM. This idea is bolstered by the identification of specific ECM components, such as tenascin C (TNC) (Oskarsson et al., 2011) and POSTN (Malanchi et al., 2011) , that drive colonization of the lung by breast carcinoma cells. Tumor cells may themselves produce these ECM components or, alternatively, they may evoke their secretion by resident stromal fibroblasts. In addition, separate but complementary lines of evidence have reported a connection between fibrosis and metastasis (Barkan et al., 2010; Cox and Erler, 2014) , suggesting that the local fibroblast and ECM composition can influence the ability of carcinoma cells to colonize an organ. ECM stiffness (Levental et al., 2009; Mouw et al., 2014) , which can be modulated by the collagen-crosslinking enzyme lysl oxidase (LOX), may also be important for the creation of pro-metastatic microenvironment (Erler et al., 2006 . Indeed, the well-described contribution of hypoxia to metastasis may be substantially related to the production of LOX downstream of the transcription driven by hypoxia-inducible factor (Rankin and Giaccia, 2016) .
Metastatic colonization is also likely to be impacted by cells of both the innate and adaptive immune system (Kitamura et al., 2015; Quail and Joyce, 2013) . Thus, both NK cells and CD8 + T cells have been implicated in the suppression of metastasis (Bidwell et al., 2012; Malladi et al., 2016) . Conversely, the oxygen-rich environment in the lung acts to restrain T cell responses and induces tolerance against innocuous antigens, but in the context of cancer this actually provides a more hospitable environment for metastatic colonization (Clever et al., 2016) . Myeloid cells have also been identified as important contributors to the formation of a favorable metastatic microenvironment (Kitamura et al., 2015) , where a unique population of metastasis-associated macrophages may be responsible for not only provoking but also sustaining metastatic growth, perhaps by stimulation of angiogenesis (Qian et al., 2009) . Finally, acute inflammatory responses have been found to trigger the outgrowth of carcinoma cells, an effect that may be primarily driven by neutrophils (De Cock et al., 2016) .
The establishment of a supportive metastatic environment may occur prior to the arrival of any carcinoma cells, through the formation of what has been termed a pre-metastatic niche. This niche formation may involve the actions of VEGFR + bone marrow progenitors (Kaplan et al., 2005) , myeloid-derived suppressor cells (MDSCs) (Psaila and Lyden, 2009 ), or neutrophils (Wculek and Malanchi, 2015) . Some have also reported that tumor-derived exosomes-small tumor-derived vesicles that contain DNA, mRNAs, microRNAs, and protein-can re-shape the pre-metastatic environment in preparation for the arrival of carcinoma cells (Costa-Silva et al., 2015; Peinado et al., 2012) . Thus, the formation of a pre-metastatic niche may represent one consequence of far-ranging systemic effects induced by primary tumors. More generally, the presence of a primary tumor can lead to the production of numerous systemic signaling factors that, by acting on distant tissues, can elicit responses that may thereafter affect primary tumor growth, pre-metastatic niches, and the outgrowth of previously latent micrometastases (McAllister and Weinberg, 2014) .
Genetic and Epigenetic Drivers of Colonization
The classic description of multi-step tumorigenesis implies that the successive accumulation of genetic and/or epigenetic alterations drives primary tumor progression (Fearon and Vogelstein, 1990) . A logical extension of this concept would suggest that the outgrowth of a metastatic colony depends on the acquisition of yet another somatic mutation or set of mutations that empower cancer cells to disseminate and thereafter proliferate in a distant organ. However, more than 25 years after the pioneering work on multi-step progression of colorectal carcinoma (Fearon and Vogelstein, 1990) , no genetic mutations have been identified that are characteristically associated with progression to metastatic disease. Indeed, even large-scale genomic sequencing efforts have yet to uncover recurrent genetic mutations that can adequately explain the eruption of metastatic growths (Garraway and Lander, 2013; Vogelstein et al., 2013) . This suggests that the development of metastasis is not contingent upon the accumulation of somatic driver mutations beyond those selected for during primary tumor formation.
In particular, these findings have focused attention on non-genetic mechanisms enabling colonization. According to one idea, colonization may depend on the amplification in metastatic cells of oncogenic signaling pathways that were previously activated in the cells of primary tumors (Vanharanta and Massagué , 2013) , for example, through the enrichment of existing clones with elevated signaling through the MAP kinase pathway (Campbell et al., 2010; Jacob et al., 2015) . Metastatic carcinoma cells may also need to evade the actions of metastasis suppressor genes, which have been proposed to specifically block the later stages of the invasion-metastasis cascade (Steeg, 2003) . Another alternative mechanism may involve defined epigenetic alterations that drive colonization, such as aberrant DNA methylation patterns (Ozturk et al., 2016) .
In addition to the actions of individual genes, recent data suggest that metastatic carcinoma cells often exhibit global changes in the structure of their chromatin. Thus, in a mouse model of small cell lung cancer pathogenesis, carcinoma cells competent for metastasis displayed a distinct open chromatin configuration at distal regulatory regions, which were established and bound by the transcription factor Nfib; this change in chromatin structure facilitated, in turn, a shift toward expression of a pro-metastatic neuronal gene expression program (Denny et al., 2016) . Such altered epigenetic states may ease the adaptation of DTCs to foreign microenvironments. These advances notwithstanding, the difficulties involved in the procurement and analysis of metastatic samples have led to a continued dearth of information concerning the genetic and epigenetic landscapes found within the neoplastic cells that form human metastases.
To summarize, in spite of the findings described above, metastatic colonization continues to represent the most puzzling phase of malignant progression and the most challenging to model experimentally. The physical dissemination of tumor cells from the primary tumor into the parenchyma of distant tissues can, at least in the context of many carcinomas, be largely understood through the actions of a single cell-biological program-the EMT. This contrasts starkly with the extraordinary complexity of the last step of the invasion-metastasis cascadecolonization. This complexity, highlighted by the apparently myriad heterotypic interactions between populations of disseminated carcinoma cells and constituents of their newfound homes in distant tissues, has complicated attempts at deriving broadly applicable mechanistic principles underlying colonization. Nevertheless, we suggest that the weight of current evidence points to three main prerequisites that must be met in order for metastatic colonization to succeed (Figure 4 ): (1) the capacity to seed and maintain a population of tumor-initiating cancer stem cells; (2) the ability to contrive adaptive, often organ-specific, colonization programs; and (3) the development of a supportive microenvironmental niche.
Metastatic Evolution
The process of multi-step tumor progression and the subsequent seeding of metastases appears, at least superficially, to operate as a linear path beginning in the primary tumor and ending in macroscopic metastatic colonies. In truth, however, each of the intervening steps is confounded by multiple factors, many discussed above. Similarly, the processes that occur subsequent to the establishment of metastatic colonies and the mechanisms by which they evolve have been a subject of research and discussion over the past few decades. The notion that tumor progression operates according to the Darwinian model of evolutionary growth has become widely accepted and influential in our thinking about metastatic progression (Cairns, 1975; Nowell, 1976) . Recent genomic studies have often revealed close genetic relationships between primary tumors and metastases in a variety of cancer types, implying that, at least in certain cases, the cells forming a metastatic colony derive from a dominant clonal subpopulation within the primary tumor that managed to complete all of the steps required both for primary tumor formation and the subsequent multi-step invasion-metastasis cascade (Naxerova and Jain, 2015) . Implicit in this depiction once again is the notion that the genetic alterations required for completion of the invasion-metastasis cascade are already present in the genomes of disseminating tumor cells and that completion of this cascade depends only on non-genetic changes, specifically epigenetically organized programs that complement the previously acquired genetic mutations.
Unanswered by such a scheme is the nature of the genetic and epigenetic alterations that render neoplastic cells especially fit to thrive within the context of the primary tumors and how such alterations affect the proclivity of primary tumor cells to disseminate. Thus, it may be that phenotypic changes (of genetic and epigenetic origin) that are selectively advantageous within the context of primary tumor formation may, through happenstance, also make primary carcinoma cells more capable of disseminating. If so, the resulting metastases may arise as incidental side products of primary tumor progression. Alternatively, many of the traits selected during primary tumor formation may prove irrelevant to the success of metastasis formation.
Such logic forces consideration of the genetic and nongenetic factors operating within primary tumors that favor the process of metastatic dissemination. To date, little attention has been placed on these factors. As a specific mechanistic example: what combination of epigenetic programs and somatic mutations render a primary carcinoma cell especially responsive to EMT-inducing heterotypic signals, enabling it to advance to a state of high-grade malignancy? Among important non-genetic factors may be the nature of the normal cells of origin and the differentiation programs that they bequeath to their neoplastic progeny (Latil et al., 2016) . At present, we possess relatively little information on the fidelity with which preexisting differentiation programs operating in cells of origin are transmitted in a cell-heritable fashion to the distant descendants of the founders of neoplastic cell clones. Such programs could well represent the dominant determinants of metastatic dissemination and may explain why certain subtypes of human cancers disseminate characteristically with predictable frequency to specific sites of metastatic colony formation (Gupta et al., 2005; Ince et al., 2007; Lim et al., 2009; Molyneux et al., 2010; Proia et al., 2011) . Unanswered by all of this is another question of great interest: is metastatic ability a trait that is selected for during multistep primary tumor evolution, or is it nothing more than an unselected, incidental consequence of primary tumor progression? Dynamics of Tumor Progression and Metastasis The development of metastasis has traditionally been considered as a relatively late event in multi-step tumor progression. More recent reports, however, suggest that dissemination can often occur early during the process of neoplastic transformation, perhaps even before departing cells are fully transformed (Hü semann et al., 2008; Podsypanina et al., 2008; Rhim et al., 2012) . At least in certain cases, this has been attributed to the presence of pre-neoplastic cells residing within inflammatory microenvironments that are able, via heterotypic signaling, to activate EMT programs, resulting in expression of invasive phenotypes (Rhim et al., 2012) . Embedded in this thinking is the notion that EMTs operate both in fully normal epithelial cells and in neoplastic epithelial cells, suggesting that EMTs may also function in all of the intermediate cell states that define the multistep progression of primary tumors.
Additionally, the kinetics of metastasis formation in certain mouse models of breast cancer are in line with the idea that dissemination, and hence metastasis, are early events during tumor progression (Weng et al., 2012) .The mechanistic details of this early dissemination program have recently been described in murine models of HER2 + breast cancer, where in the early stages of primary tumor formation a migratory and stem-like program predominates, before the well-established proliferative pathways take hold during the later stages of tumor growth Harper et al., 2016) . Both studies suggest the possibility that such early disseminated cells may subsequently generate overt metastases. However, in other cases the actual formation of distant metastases appears to be a late event, taking place many years or decades after initial neoplastic transformation . Although physical dissemination itself could be an early event, it may have little bearing on the remaining steps of the cascade that result in the generation of macrometastatic foci. Stated differently, it is unclear whether early-disseminated carcinoma cells are ever able to evolve at distant anatomical sites to states of high-grade malignancy and spawn metastatic colonies, this situation representing the ''parallel progression'' model of metastasis formation. 
. Prerequisites for Metastatic Colonization
The ability of carcinoma cells to outgrow as lethal metastases appears to be dependent on three essential conditions. (A) The capacity to seed and maintain a population of cancer stem cells, which are competent to re-initiate tumor growth, appears to be an initial prerequisite for metastatic growth. Dormant DTCs also exhibit key cancer stem cell attributes that probably contribute to their prolonged persistence in a quiescent state and their ability to eventually spawn a metastatic colony.
(B) Although cancer stem cells are endowed with the potential to re-initiate tumor growth, the proliferative expansion to an overt metastatic colony is dependent on the ability to contrive organ-specific colonization programs that allow these cells to thrive in a foreign tissue microenvironment. An array of organ-specific metastatic programs has been described in the literature but there is also evidence for the existence of colonization programs that confer multi-organ metastatic potential. Two general models of metastatic dissemination have been proposed: the parallel progression model and the linear progression model. According to the latter, clones capable of spawning metastases arise at the later stages of tumorigenesis with a small degree of genetic divergence between those cells in the primary tumor that actually spawned a metastasis and the cells in the metastasis itself (Turajlic and Swanton, 2016) . However, such genetic divergence may, in real life, be very difficult to gauge, given the clonal diversity that may have arisen within a primary tumor (Gerlinger et al., 2012) and the fact that various genetically distinct clonal subpopulations may be represented within the primary tumor in dramatically different sizes. Given the possibility that a minor subpopulation within a primary tumor can serve as the source of a metastasis (Haffner et al., 2013) , how can one know with any certainty that a sampling of the genomes of primary tumor cells has been able to detect and gauge the genome of this minority population responsible for metastasis and its somatic mutations?
Yet another confounding factor when assessing the linear progression of metastasis is the difference in time between resection and sampling of the primary tumor and that of the metastasis. In fact, a majority of studies have carried out comparisons between primary and secondary (metastatic) tissues that were resected synchronously, while others have compared metastases sampled up to 17 years after resection of the corresponding primary tumors; both have found genetic similarities between the two tissues (Campbell et al., 2010; Ding et al., 2010; Haffner et al., 2013; Liu et al., 2009) . These studies favor the linear progression model rather than the parallel progression model, which posits that metastasis occurs as an early event during tumorigenesis, after which the primary tumor and disseminated colonies evolve independently at sites far removed from one another (Klein, 2009) . The parallel progression model, for its part, is encumbered with its own complications. It assumes that the cells disseminating early from the primary tumor are able to proliferate sufficiently to allow for the acquisition of additional mutations that would render them fully transformed and thus capable of forming significant tumor masses. Given that metastatic colonization is a highly inefficient process and given the complexity of essential adaptive programs, it seems unlikely that disseminated preneoplastic cells will actually continuously proliferate after their arrival in distant tissue microenvironments; in the absence of ongoing proliferation, it seems implausible that such cells can acquire, via stochastically occurring mutations, the complex repertoire of mutant alleles that are needed, in aggregate, for continuous growth and clonal expansion. Resolving between these models of metastatic progression may be further complicated by the fact that metastases have been reported to result from polyclonal populations ostensibly derived from CTC clusters and by the observation that metastatic clones may be transferred between different metastatic lesions in the same patient .
Treatment and Resistance
Metastatic cancer most often represents a terminal illness and patients eventually succumb to the disease or from complications that result from their course of treatment, indicating the current dearth of effective therapies (Steeg, 2016) . Moreover, it remains unclear precisely whether the cells within metastases are intrinsically more resistant to therapy or whether they respond to therapies at rates comparable to the cells in their corresponding primary tumors. Comparable rates of responsiveness of metastases would certainly be compatible with the known genetic similarities between primary tumors and their derived metastases. Any heightened resistance might be explained by the fact that metastases derive from especially aggressive subpopulations of cells that resided within primary tumors or, alternatively, from further evolution to higher grades of malignancy after dissemination to distant sites.
Treatment of Primary Tumors and Metastatic Growths
Current therapeutic strategies for eliminating metastases are essentially the same as those directed at the corresponding primary tumors, the exception being surgery, which is infrequently employed to remove metastatic deposits. While cells that have succeeded in colonizing distant tissue microenvironments have often and perhaps always evolved adaptive programs that enable their robust proliferation at these secondary sites, it remains unclear whether this additional evolution, much of it achieved through epigenetic reprogramming, confers elevated therapeutic resistance. The alternative is that successful colonization of distant sites depends on the acquisition of adaptive traits that ultimately have no direct effect on therapeutic resistance.
The fact that metastatic lesions represent the progeny of minority subpopulations of the neoplastic cells present in a primary tumor (Ding et al., 2010; Yachida et al., 2010; Yates et al., 2015) suggests that metastatic colonies could be quite different from the primary tumor in terms of their clonal architecture and biology. And while numerous studies have examined the genetic and phenotypic diversity of the neoplastic cells that compose primary tumors (Marusyk et al., 2012) , the level of genetic and epigenetic heterogeneity and phenotypic plasticity that operates in metastatic growths is still in question.
A formidable obstacle to treating the minimal residual disease (MRD) that may remain after initial chemo-or radiotherapy derives from the fact that dormant carcinoma cells appear to perpetuate this disease and form the precursors of eventual metastatic relapses. Unfortunately, almost all currently deployed cytotoxic therapies preferentially kill proliferating cells rather than those that have exited the active cell cycle, rendering dormant cells intrinsically more resistant to almost all currently available therapies (Ghajar, 2015; Goss and Chambers, 2010) . This stark contrast in the behavior of these dormant DTCs and the actively cycling cells of the primary tumor may ultimately prove to be far more critical in determining susceptibility to therapeutic elimination than any genetic or epigenetic differences distinguishing MRD from the corresponding primary tumors. Further complicating the development of novel agents directed at dormant metastatic deposits is the fact that, for various types of cancer, true efficacy can be judged only after extremely long follow-up periods when the much-feared relapses may appear (Steeg, 2016) . Still, preventative adjuvant therapies directed at dormant DTCs and their ability to spawn clinical relapses arguably offer the best opportunity to prevent these outcomes.
Therapeutic Resistance
The mechanisms of therapeutic resistance acquired by metastatic growths may closely parallel those operating within corresponding tumors. In the context of targeted adjuvant therapy, drug-resistant clones may emerge in primary tumors and metastatic lesions, as has been observed, for example, in ER + breast cancer patients receiving hormone therapy (Alluri et al., 2014) and patients with EGFR mutant non-small-cell lung cancer treated with targeted kinase inhibitors (Gazdar, 2009) . Of special interest to the present discussion are resistance mechanisms that are particular to the sites of dissemination. One possibility is that the metastatic microenvironment favors the induction of biological programs that confer drug resistance. For example, it has been reported that CXCL1/2, which actively supports the establishment of metastases through the recruitment of myeloid cells, can also mediate resistance to chemotherapy (Acharyya et al., 2012) , providing support for the idea that certain traits involved in metastatic dissemination may also contribute to therapeutic resistance. More generally, the effect of chemotherapy on either primary or metastatic growths may elicit the secretion of various paracrine mediators from the surrounding stromal cells that can promote resistance, including CXCL1/2 (Acharyya et al., 2012) , IL-6 and Timp1 (Gilbert and Hemann, 2010) , WNT16B (Sun et al., 2012) , and HGF (Straussman et al., 2012) . Resistance to targeted kinase inhibitors can also be conferred by a host of secreted factors that are produced by carcinoma cells after exposure to a drug . Although such effects may indeed promote the emergence of drug-resistant cell clones within primary tumors, they may operate even more strongly in sites of metastasis.
According to an alternative view, the cells forming metastases are intrinsically no more or less resistant to therapies than their counterparts in primary tumors. Hence, if drug-resistant ancestral metastatic clones were present in the original neoplasm, then such cells would render this tumor as well as its derived metastases equally resistant to therapy. Following such thinking, a major benefit of surgically eliminating primary tumors derives from reducing the sheer number and diversity of neoplastic cells, thereby increasing the chance that any therapy-resistant variant clones are removed from the body of a patient. In the context of metastatic disease this is, it seems, often not possible.
Conclusion: Principles and Outlook
As the preceding discussions have indicated, significant progress has been made over the past decade in elucidating the cellular and molecular programs that drive cancer metastasis. Although our understanding of metastasis remains quite incomplete, we see a number of common biological principles beginning to emerge. Thus, we suggest that one can take stock of the information that is currently at hand and conclude that:
1. Metastasis occurs mainly through a sequential, multi-step process that can be conceptualized as the invasionmetastasis cascade. 2. In the case of carcinomas, the EMT program enables primary tumor cells to accomplish most if not all of the steps involved in the physical dissemination of tumor cells to a distant site. 3. The fate of disseminating carcinoma cells is strongly influenced by interactions that they experience during transit through the circulatory system. 4. Disseminated carcinoma cells must escape clearance by the arms of the immune system and subvert the cellular programs that impose a state of dormancy. 5. The process of active metastatic colonization is contingent upon the dissemination of cancer stem cells that can re-initiate tumor growth; the ability of their progeny to assemble adaptive, organ-specific colonization programs; and the establishment of a microenvironment conducive to metastasis.
The processes that enable the physical translocation of cancer cells from primary tumors to the parenchyma of distant tissues are within sight and relatively small in number; in contrast, the adaptive programs allowing cancer cells arising from diverse primary tumors to thrive in various tissue microenvironments may be large in number and not readily reducible to a common set of underlying mechanistic principles.
While these principles articulate general concepts, a number of key mechanistic details related to these ideas remain to be established. For example, we are beginning to appreciate that the EMT program is capable of generating a wide spectrum of carcinoma cells with various complements of mesenchymal traits, but there is little information on the functional role of these different phenotypic states in the metastatic process. Yet other critical questions about metastasis fall outside the bounds of the points outlined above. For one, it is not yet clear what specific factors determine the efficiency of clinical metastatic disease and why some patients present with metastatic cancer, while in other patients many years may lapse before the disease advances to this stage. The literature holds some provocative hints that could account for this variability (Figure 5 ), such as different cells of origin whose differentiation programs strongly predispose to an aggressive malignancy or to the dissemination of CTC clusters that may more readily establish a metastatic colony. Additionally, the fact that many patients experience metastatic spread to multiple organs suggests the existence of more universal, multi-organ metastatic programs, but the extent to which such programs operate is unclear and their biological details have just begun to be described. Finally, the clinical and biological impact of various immunotherapies, particularly checkpoint inhibitors (Sharma and Allison, 2015) , on metastases is certain to be a continued area of active research, even offering the hope of seeking out and eliminating metastatic deposits.
Perhaps most pressing is a better understanding of the biological similarities and differences between primary tumors and their metastatic descendants, especially in regard to the extent of heterogeneity, plasticity, and resistance that they exhibit. We believe that an accurate comparison of the principles that govern primary tumor growth with those that govern the dissemination and outgrowth of metastases will be essential in order to enable the development of new approaches and therapies that are specifically designed to prevent or treat metastatic disease. 
. Dynamics of Metastatic Evolution
The progression and evolution of metastatic disease is highly variable, manifesting in ways that must affect the kinetics of metastatic colonization. Five hypothetical alternatives are presented here. (A) The dissemination of CTC clusters to distant sites may generate overt metastases with a relatively short latency, since such clusters are highly efficient at spawning metastatic growths. Their efficiency in forming metastases may derive from advantages during transit in the circulation or because they benefit from homotypic cell-cell interactions in a foreign tissue environment. (B) Solitary disseminated carcinoma cells that are adept at recruiting and establishing a supportive metastatic niche, or that are able to generate a microenvironmental niche themselves, may be better able to survive and initiate programs of proliferation. (C) While the dissemination of tumor-initiating cancer stem cells may be a prerequisite for metastasis, the generation and evolution of progeny that are well adapted to the local microenvironment could take many months or years. (D) At later stages of metastatic progression, other dynamics come into play, such as the exchange of metastatic cell clones between different metastatic lesions in the same patient. The biological and clinical impact of such transfer, however, remains to be firmly established. (E) Tumor cells may disseminate during the early stages of tumorigenesis and even from pre-malignant lesions, but it remains unclear how such cells are able to evolve, in parallel with the primary tumor, the full complement of genetic mutations and malignant traits required for successful metastatic colonization.
